This paper reminds the drawbacks of classical voice-coil motors and presents a way to improve them. Two ironless and leakage free structures are presented, one using traditional sintered magnets and the other one using bonded magnets, giving the pros and cons of each solution. A 2-D analytical model using the Coulombian approach is used to calculate and compare the performances of both structures. Then, in order to evaluate the relevance of the 2-D model for magnet rings, a comparison is done with a 3-D analytical model for several radii of rings.
I. INTRODUCTION
V OICE-COIL motors, such as those used in traditional electrodynamic loudspeakers, present a number of well-known drawbacks [1] , [2] .
First, the presence of iron in such motors leads to several kinds of nonlinearities. These include Eddy currents, the magnetic saturation of the iron and the variation of the coil inductance with its position causing a reluctant effect. However, it is desirable for the force applied on the moving part to be an image of the driving current. The driving forces applied on the moving part of the loudspeaker can be written as (1) where is the Laplace force, the reluctant force, the induction seen by the voice-coil, the length of the coil, the driving current flowing through the coil, the inductance of the coil and the displacement of the coil. Thus, (1) shows that if the inductance of the coil varies, a reluctant force, proportional to , occurs and interferes with the Laplace force. This reluctant force creates a force distortion resulting directly in an audible acoustical distortion. It can be compared to the cogging torque in brushless motors, arising from a reluctant effect, which prevents a smooth rotation of the motor and results in undesirable vibration and noise [3] , [4] . In order to solve these problems, several structures of ironless voice-coil motors have already been proposed [5] - [8] . With such structures, the inductance of the coil no longer depends on its position, resulting in the vanishing of the reluctant force and the other nonlinearities due to iron listed previously. In addition, the inductance is diminished and consequently, so is the electrical impedance, especially at high frequencies.
Second, a significant part of the magnetic field created by most loudspeaker motors does not contribute towards making the membrane move. In addition to a simple loss of magnetic field, this leakage flux can be attracted by any ferromagnetic object placed nearby, leading to a decrease of the device efficiency. Reciprocally, this leakage magnetic field can prevent some devices placed nearby from working properly. Therefore, another intended specification of the motor is to have a minimized magnetic field leakage. This paper compares the efficiency of two ironless and leakage free motor structures. The first one is made of traditional sintered magnets whereas the second one is made of bonded magnets. The first part of this paper describes in details the two structures and the analytical model used to calculate their created magnetic field. In the second part, their performances are calculated and compared for a particular example. Finally, a comparison between 2-D and 3-D analytical modeling is presented.
II. THEORETICAL MODEL

A. Description of the Structures
An example of ironless and leakage free motor structure made totally of sintered permanent magnets is shown in Fig. 1 . It is composed of three prismatic magnet rings arranged in such a way that the magnetization is always parallel to the outer edge. Thus, the whole magnetic field created by the motor is focused on the voice-coil path. However, one problem with the structures made of sintered magnets is that it can be difficult to assemble. The structure shown in Fig. 1 requires the fabrication of three magnet rings, two of them being radially magnetized which is not easy to achieve. By using bonded magnets, this problem can be solved and furthermore, better cross section shapes and optimized magnetization of the structure can be realized. The whole structure is directly injected in a mold and no assembly is needed. One possible leakage free structure made of bonded magnets is presented in Fig. 2 . The structure that we propose has an ellipsoidal cross section. The magnetization is realized when the material is still liquid so that the magnetic particles follow the magnetic field lines created by the magnetizer. Once again, the magnetization of the structure is done so that it is always tangent to the outer edge except on the side facing the voice-coil, where it is perpendicular to the edge. The magnetic field created by the motor is then concentrated on the voice-coil path in order to increase the efficiency of the loudspeaker.
Another advantage of these structures is that a double coil winding can be used to improve the efficiency. Furthermore, the magnetic field created by these structures presents a high gradient around the semi-height of their inner face. This high magnetic field gradient permits the use of ferrofluid seals to guide the moving part [9] . Ferrofluid seals have also a role of thermal bridge, allowing the heat created by the voice-coil to flow through and be dissipated in the motor.
B. Analytical Model
The 2-D Coulombian approach is used to calculate analytically the magnetic field created by the structures illustrated in Figs. 1 and 2 [10] , [11] . The ellipsoidal motor (Fig. 2) is discretized in order to enable analytical calculations of the magnetic field to be performed. This discretization, using seven magnets of equal angular section, is shown in Fig. 3 .
A magnetic charges model is used to describe the magnets. The surface charge density of each triangular magnet is defined with the magnetization and then calculated such as (2) where is the outwards surface normal vector. The magnetization is considered to be always parallel to the outer edge of the ellipsoid in order to avoid magnetic flux leakages. As a result, the magnetization is uniform for each magnet, which gives (3) where represents the volume charge density. Nevertheless, for the real structure, volume charges should be taken into account, as in [12] .
The magnetic field, , created by each magnet surface at any point is given in 2-D by (4) where is a point on the considered surface . Thus, the magnetic field can be expressed as (5) where is expressed as a function of in order to be able to integrate with a surface element . Overall, the magnetic field created by the fourteen surfaces, two for each magnet, has to be calculated independently then summed to obtain the total magnetic field created by the ellipsoidal structure, since the superposition theorem applies. The same method is used to calculate the magnetic field created by the three magnets structure. It can be noted that for the rectangular structure, if equals 45 (i.e., ), only the two surfaces facing the voice-coil have to be taken into account. This is due to the fact that the remaining surface charge density is equal to zero on the two other magnet interfaces.
III. THEORETICAL RESULTS
A. Comparison of the Two Structures Performances
In order to compare the performances of the two ironless structures presented in Figs. 1 and 2 , numerical applications are done. The semi-height, , equals 1 cm and the width, , of the rectangular structure is taken equal to . We decide to compare the magnetic fields created by two structures having the same cross section area. This condition leads to equals 1.27 cm for the ellipsoidal structure. For a general purpose, we consider that the magnetization of each magnet is equal to 1 T. However, it is easy to recalculate for other values of since all the results are proportional to this former. Actually, with Neodymium-Iron-Boron (Nd-Fe-B) bonded magnets, it is difficult to obtain a magnetization bigger than 0.8 or 0.9 T whereas Nd-Fe-B sintered magnets can have a magnetization up to about 1.5 T. Nevertheless, Nd-Fe-B sintered magnets are not commonly used in loudspeakers because of their price. Most of the loudspeakers still use hard ferrite magnets whose magnetization is around 0.4 T. Fig. 4 presents the magnitude isolines of the x-component of the magnetic field, , created in front of the magnet for both structures. It is clear that the ellipsoidal structure gives better results than the rectangular one: the created magnetic field, , is more intense and shows a better symmetry around the rest position of the voice-coil (i.e. equals 0.5 and 0.5 cm). Fig. 5 compares the evolution of in front of the whole height of both magnet structures (i.e. equals 1 cm to equals 1 cm) at a distance from the magnet equal to 0.5 mm which is a typical distance for loudspeaker applications. Once again, it clearly shows that the ellipsoidal structure gives better results (i.e. intensity and symmetry around the rest position of the coil) than the rectangular one of equal magnet volume.
The symmetry around the rest position and the uniformity of the induction across the whole voice-coil trajectory is an important characteristic for an accurate loudspeaker motor. The length of this trajectory is determined by the intended acoustical pressure at low frequencies, giving the maximal needed acoustic flow, and thus, the maximal required excursion for a given radiating surface. For example, to obtain a sound pressure level of 95 dB SPL at 1 m on axis and at 100 Hz with a loudspeaker having a 5 cm radius membrane, the required excursion is 2 mm. If we consider this oscillation range around the rest position, the difference of magnetic field intensity between the lowest and the highest position of the coil is 1% for the ellipsoidal structure and 3% for the rectangular one, which is significant for a loudspeaker. The uniformity of the magnetic field on the voice-coil path has a direct impact on the linearity of the transducer and thus, on its sound reproduction fidelity.
We now study the effect of the ratio between the lengths of the major axis and the minor axis of the ellipsoidal structure on the created magnetic field. Fig. 6 shows that when the ratio augments, the magnetic field intensity gets bigger and the symmetry around the rest position of the coil improves. However, over a certain value of this ratio, the increase in magnetic field intensity is negligible compared to the rise of volume. The ratio seems to be a good compromise between magnetic field intensity and magnet volume.
B. Comparison With the 3-D Model
All the results presented in the previous section were obtained with 2-D analytical calculations. In order to evaluate the validity of the 2-D model for magnet rings, we compare them to 3-D analytical calculations for several inner radii of the ring. However, it would be really difficult to calculate analytically the ellipsoidal structure in 3-D. A simplified structure, corresponding to the rectangular structure for (Fig. 7) , is used to estimate the relevance of the 2-D model. Fig. 8 shows the magnetic field created by the structure from to at a distance calculated with the 2-D model and with the 3-D model for four different radii, using the 3-D analytical formulas published recently by Ravaud et al. [13] .
We notice that the 2-D model gives a good approximation for big radii (e.g., ) but becomes less accurate when the radius gets smaller than 5 cm. For example, if , the difference between the 2-D and the 3-D calculations goes up to 40%. However, 3-D analytical calculations are really difficult to carry out, even for simple structures. So far, 2-D calculations have been widely used, especially for the development of new structures, because of their practical use compared to finite element modeling. Nevertheless, it should be kept in mind that the accuracy of 2-D results is not really good for radii of rings smaller than about 5 cm but still acceptable when looking at the magnetic field really close to the magnet.
IV. CONCLUSION
This paper presents two leakage free structures of ironless motors, one made of traditional sintered magnets and the other one using bonded magnets. Even though it is not easy yet to obtain Nd-Fe-B bonded magnets with a magnetization higher than 0.9 T, the possibility to realize almost any shape allows ingenious magnetic structures to be made in order to compensate. In particular, the ellipsoidal structure shown in this paper permits to create an intense magnetic field concentrated on the voice-coil trajectory, which is the aim of a leakage free loudspeaker motor. Furthermore, one significant advantage of bonded magnets is that the making of such structures is facilitated, since neither assembling nor fabrication are needed. As a result, in case of a mass production, it is much cheaper to produce.
